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A SIMPLE BUT EFFiCIENT EQUIPMENT 
~OR EXPERIMENTAL DETERMINATION OF VALVE LOSS COEFFICIENTS 
UNDER COMPRESSIBLE AND STEADY FLOW CONDITIONS 
H. H. WEISS, Research Engineer, Mechanical 
Engineering Department, Bundesversuchs- und 
Forschungsanstalt Arsenal, Vienna, Austria 
1. ABSTRACT 
.. A brief introductory survey. of equations defining 
effective mass flow rate and loss coefficients, 
based on the theory of one-dimensional steady flow, 
is given. Then an experimental arrangement for 
compressor valve investigations is presented. This 
test set-up makes use of a supersonic wind tunnel 
equipment and enables one to study the flow proper-
ties of a valve over a wide range of pressure 
ratios. The performance of experiments is de-
scribed and typical results gained from an investi-
gation of a multi-ring plate valve are discussed in 
more detail, 
2. NON-DIMENSIONAL COEFFICIENTS CHARACTERIZING 
PRESSURE LOSSES IN COMPRESSOR VALVES 
A variety of non-dimensional coefficients 
9haracterizing friction effects can be found in the 
literature [1- 4]. For sake of simplicity theoret-
ical considerations dealing with pressure losses in 
compressor valves are usually based on the assump-
tion of steady one-dimensional flow as in the theo-
ry of ducted flows [5]. While some authors use 
equations of compressible flow, others use equa-
tions of incompressible flow and take into con-
sideration compressibility effects by means of 
suitable parameters. 
Table 1 gives a survey of frequently used equations 
defining the effective mass flow rate as well as 
loss coefficients. 
The so-called discharge coefficient c0 is defined 
as the ratio of the effective mass flow rate m and 
the theoretical mass flow rate mth· 
(2 .1) 
An additional subscript, I or C, (for c0 , m and ruth 
respectively) indicates whether the theory of in-
compressible or compressible flow underlies the 
considerations. 
As reference area some authors choose the variable 
opening area formed by the valve plate (or reed) 
and the seat edge, others choose the constant 
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geometrical flow area provided in the seat plate. 
The latter is used here throughout (denoted by A) . 
In the case of incompressible flow the density ~1 
is equal to Plt by definition. This has been taken 
into account in equation (2,3) already. 
Further if, as in the described test set-up, the 
flow velocity upstream of the valve is small com-
pared with the velocity in the valve the pressure 
difference Ptt - p 1 can be neglected in practical 
calculations. By this means one obtains, according 
to equations (2.3) and (2.4), a simple relation 





3. TEST SET-UP AND PERFORMANCE OF EXPERIMENTS 
A small supersonic wind tunnel facility enabled 
compressor valve investigations both under steady 
flow conditions and up to high pressure ratios. 
This intermittent indraught tunnel consists. of a 
vacuum tank (ca. 80 m'), a vacuum pump, a fast 
acting globe valve, a supersonic test section and 
an air drier. 
After a simple adaptation it was possible to use 
the wind tunnel, or rather some of its main parts, 
with additional measuring equipment for the experi-
mental determination of pressure losses and flow 
rates of compressor valves. 
A schematic diagram of the experimental set-up is 
shown in Fig. 1. The air flows through a straight 
intake pipe with a replaceable standard ~rifice 
plate, then through the valve to be investigated 
and finally through the globe valve leading into 
the vacuum tank. Due to the very low pressure in 
the vacuum tank at the beginning of the test (a 
vacuum of about 96 % is achievable) the flow prop-
erties of the valve can be studied over a wide 
range of pressure ratios. 
Table 1 Survey of equations defining effective mass flow rate and loss coefficients 
Notation State G) 
rffh P2 
Flow I ~~~ direction J~ ~ ~~ State G)· 






Po • • • · • • 
Pl • • • • · · 
geometrical flow area in the seat 
plate, m2 




effective mass flow rate, kg/s 
theoretical mass flow rate, kg/s 
maximum of theoretical mass flow rate 
(based on theory of isentropic one-
dimensional flow), kg/s 
atmospheric pressure, N/m2 
pressure upstream of the investigated 
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total pressure, state 1, N/m~ 
pressure downstream of the investi-
gated valve, state 2, N/m2 
volume flow rate (related to Pi• Pi' 
state 1), m3 /s · 
pressure difference at the orifice 
plate, N/m2 
expansibility factor 
pressure loss coefficient 
ratio of specific heats (~p/cvl 
density (related to Pl• state 1), 
kg/m3 
density (related to Pit' state 1), 
kg/m3 
f1 (Pit - P2l (2.3) 
Compressible flow 
valid for: 1 ~ (:12J 
m. "' mthmax CDC "' CDC A 
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M .•.• motor 
VP • • • vacuum pump 
G .... gate valve 
VT vacuum tank 
GV globe valve 
SE special equipment (e.g. for 
measurement of valve lift) 
T . • • • pressure tapping 
F carrier flange 
V compressor valve 
0 standard orifice plate 
PT pressure transducer 
BM BETZ - manometer 
MM mercury manometer 
R •••• multichannel recorder 
Fig. 1 Schematic diagram of the experimental set-up 
During the first stage of a test run critical flow 
conditions are usually established in the smallest 
flow area of the investigated valve. That means 
that the flow velocity in this "critical cross-sec-
tion" reaches the local speed of sound and the flow 
through the valve becomes "choked". 
Before each test the vacuum tank is evacuated. 
After the globe valve has been opened the air flows 
through the test arrangement into the tank refill-
ing it gradually. That means that-normally all 
tests start at very small values of the pressure 
ratio p 2/p1 • 
Compressor valves with a geometrical flow area in 
th€ seat plate of up to 30 cm2 have so far been in-
vestigated in this set-up. 
Throughout a test run with a large valve the pres-
sure ratio alters continously but so slowly that 
the flow characteristics remain quasi-steady. 
The pressures upstream and downstream of the ori-
fice plate as well as upstream and downstream of 
the tested valve· are measured by means of electro-
mechanical pressure transducers and registered by 
a multichannel recorder. 
BETZ - manometers and a precision mercury manometer 
are used for test measurements and for calibration. 
If small valves (e.g. valves with a geometrical 
flow area in the seat plate of about 5 cm2 ) are 
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tested in the described set-up the globe valve can 
be used successfully as an adjustable throttle. By 
this means the pressure downstream of the compres-
sor valve can easily be controlled and thus, for a 
certain period, exact steady flow conditions are 
maintained. 
In this way the flow conditions are changed step-
wise and it is possible to record the signals of 
the pressure transducers by a programmable data-
logger as well. · 
In order to analyse the experimental data simple 
computer programmes were developed. 
For the valve investigations normally ambient air 
is used as test fluid. Application of additional 
and special equipment allows the measurement of the 
valve lift as well as of the force acting on the 
valve plate (or reed). 
In many cases, especially for plate valves, the 
tests are carried out with several discrete valve 
lifts. The adjustment of the valve plate corre-
sponding to a desired valve lift can be achieved by 
me~~s of suitable spacers between valve plate and 
seat plate. 
If measurement of the valve lift is required (in 
order to determine how the lift depends on the 
pressure difference) the installation-of a special 
equipment (e.g. by use of a displacement trans-
ducer) is necessary as mentioned above. 
Great care must be taken that this additional 
equipment does not influence the flow conditions 
and forces at the valve plate (or reed) to much. 
The experiments showed that the pressure tappings. 
upstream and downstream of the investigated valve 
must be positioned carefully. Especially when a 
single downstream tapping is placed very close to 
the valve, wall jets can influence the pressure 
reading significantly. 
For the tests with the multi-ring plate valve (de-
scribed in section 4.1) multiple pressure tappings 
with annular chambers were used upstream and down-
stream of the investigated valve. 
If very high accuracy is required, for example in 
comparative measurements in the course of valve 
improvement, the same "standard" test arrangement 
should be used for each run. 
4. DISCUSSION OF TESTS AND RESULTS 
Apart from commissioned investigations several ex-
periments with compressor valves (a multi-ring 
plate valve and some reed valves) were carried out 
in order to test the equipment and to collect expe-
rience with it as well. Some of these measurements 
and results are summarized in the following. 
4.1 Multi-ring plate valve 
A sketch of the investigated valve, a delivery 
valve of conventional design, is shown in Fig. 2. 
SECTION A-A 
L 
s valve lift 
L length of the 
entrance channel 
Fig. 2 r1ulti-ring plate valve (delivery valve) 
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As the spring plate was rather stiff no useful 
valve lifts could be reached by means of the avail-
able pressure differences. Therefore pieces of pre-
cision wire as spacers were used to achieve a cer-
tain lift and to fix it throughout a run. 
As seen from the shape of the recorded pressure 
readings choked flow is established during the 
initial stage of the test. 
Fig. 3 shows an example (reduced in size) of such 
a typical record of p 1 - p2 , .dpf and
 P
0 
- P 1 
belonging to a certain valve lift. 
choked flow -+---+--1--+--+-----."'\ J/ : 
~- ~~f- p2~~ /P\ 
-- P - P11-.._ '\ ['\_ . / "'\ 
0 - '\ '\. I '\. ........ f-7 I 
I I 
I 
,1\. __ .. t( --17'- I II I 0 
Time 
Fig. 3 Typical record of the measured pressure 
difference-s p 1 - p2 , l!.pf, Po- Pi (from 
a test with a multi-ring plate valve) 
0 
0 
After opening the gldbe valve the value of Pi - P2 
reaches its maximum and decreases throughout the 
test (according to the pressure rise in the vacuum 
tank). By way of contrast the value of ~pf, re-
presentative for the mass flow rate ill, remains con-
stant (indicating choked flow) during the initial 
stage of the test and then decreases at first very 
gradually. The curve of p0 - pi shows a similar 
shape, as in this set-up the pressure upstream of 
the investigated·valve is influenced by m only. 
The effective mass flow rate m, dependent on the 
valve lift s, describes the discharge of a certain 
valve quantitatively and directly. In Fig. 4 
measured values of m are plotted as function of the 
pressure ratio P2/Pl for 6 different values of the 
valve lift. 
In this diagram an additional curve (the top one) 
shows the relationship mthc<P2/P1l, calculated 
according to the theory of one-dimensional 
isentropic flow and with the ratio of specific 
heats of "!(. = c fcv = 1 ,4. The theoretical mass flow 
rate reaches i~s maximal value at the critical 
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Fig. 4 Variation of the theoretical and the effective mass flow rate, ~C and m, 
with the pressure ratio p2/p1 (from tests with a multi-ring plate valve) 
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The measured ill-curves indicate that choked f
low 
occurs in the valve at pressure ratios being
 sig-
nificantly smaller than 0,528. A very simil
ar behav-
iour was found in discharge experiments, [6]
 and 
[7], with orifices, although the flow patter
ns of 
valves and orifices are quite different. 
The shape of the curves in Fig. 4 suggests that o
ne 
could attempt to calculate the m-values from
 the 
illthc-curve by means of a two-parameter simi
larity 
transformation with p 2;p1 = 1 and ill = 0 as fixed 
point. 
One of the introduced parameters, here deno
ted by 
~. takes into account that the critical pres
sure 
ratio (p2/P1lcrit• at which choked flow can 
first 
be established in the valve (coming from P21
Pt = 1), 
is smaller than the theoretical value for is
entropic 
flow (p2/P1lthcrit = 0,528. Obviously the simplest 
way to define 7-- is: 
ft.= 
- (p2/Pttlthcrit 
1 - (p2/Pttlcrit 
(4.1) 
The other parameter, called ~. arises from 
the ob-
servation that the measured values ill are sm
aller 
than the corresponding theoretical values ill
thC· 




p 1 - A,(l - -) 
P1t 
valid in the range: 
0,528 
and 
m. = ~ 
1(+1 r-....:...·--......, 
A (__2__) 2 (/o<:-1) v 1<. 
K+1 P1t 
valid in the range: 
(
..::_) = 0,528 :?:_ p __ > 1 - A.. 






The parameters ~ and ~ have to be determined
 from 
experimental data. 
When valves of different construction, for e
xample 
in the course of valve improvement, are to b
e com-
pared with regard to their efficiency of dis
charge, 
non-dimensional coefficients must be used. M
ost 
suitable for this purpose is the discharge c
oeffi-
cient Cnc according to equations (2.5) and 
(2.7). 
Evaluation of the same experimental data as 
for 
Fig. 4 leads to the diagram Fig. 5, showing 
the 






-- :;: ~ ..... ~ ~ ~ 
ll.61l 
~ 
""'-a.. -I"'S. I"' ...Iii ~ -s..... ~ 
CDC 
~-- -- -s ... ~ ~ I"-.. -r--s.., 
6.51l 
'!ij 











' 0.16 ~ 
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Variation of the discharge coefficient 
CDC with the pressure ratio p 2/p1 for 
different lifts (0.6, 1.0, 1.5, 2.0, 
2.5 and 3.0 mm) of a multi-ring plate 
valve 
The corresponding plot of c01 , the disc
harge coef-
ficient based on theory of incompressible fl
ow, is 
presented in Fig. 6. 
The dashed lines in these diagrams extend th
e 
curves of experimental data up to the limiti
ng 
pressure ratio p 2/p1 = 0. 
They were found according to theoretical co
nsider-
ations. The values of c0c do not alter fo
r pz/p1 
smaller than the critical pressure ratio, as
 in 
this range choked flow conditions are maint
ained 
and the flow rate remains constant. The corr
espond-
ing values of c01 for p 2/p1 = 0 and the initial 
slope of the curves can be calculated easily
 by 
means of the equations in Table 1 and a lim
iting 
process for p 2/p1 approachi
ng zero. 
It is clear that these calculated values are
 of 
theoretical interest only and not relevant t
o 
practical application. 
The coefficient cDC describes the discharge
 
efficiency of the valve for all pressure ra
tios 
correctly. A comparison of Fig. 5 and Fig. 6
 shows 
immediately that c0c and c01 are only equivalent 
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Variation of the discharge coefficient 
c01 with the pressure ratio p 2/p1 for 
different lifts (0.6, 1.0, 1.5, 2.0, 
2.5 and 3.0 mml of a multi-ring plate 
valve 
As soon as compressibility must be taken in,to ac-
count Cor gives a wrong picture of the real dis-
charge efficiency. 
The Coc-curves (Fig. 5), especially those belonging 
to greater values of valve lift, indicate that 
their behaviour in the range of P21P1 between about 
0,8 and 1,0 makes further considerations necessary. 
In this range, when p 2/p1 is approaching 1, the 
flow velocities in the valve become smaller and the 
influence of compressibility decreases. But it is 
obvious that other effects are superimposed and 
become more predominant. 
From test results and from theoretical considera-
tions one can deduce that for smaller velocities 
viscous effects, especially the growing of the 
boundary layer (e.g. expressed by the displacement 
thickness) , play an important role and influence 
the discharge behaviour essentially. 
This fact becomes evident also by a treatise of the 
experimental data in order to evaluate the trans-
formation parameters A and ~~ defined by the equa-
tions (4.1) and (4.2) to (4.6). As mentioned al-
ready the aim of this transformation was to match 
the measured flow rates to one-dimensional 
isentropic nozzle flow. 
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The accurate location of (p2/P1lcrit in the 
pressure recordings (see Fig. 3) and therefore the 
determination of A. is difficult, since the Ll.pf-
curve approaches its constant value (indicating 
choked flow) very gradually. 
Careful evaluation of the experimental data showed 
that A. does not depend significantly on the valve 
lifts and no clear relationship between A.and s 
was obvious. Thus, in the further calculations, a 
mean value of A. is used. By that the values of ~ 
can be computed. They are plotted in Fig. 7. 
0.80 







0.2 0.4- 0.6 0.8 1.13 
Fig. 7 Variation of the parameter ~ with the 
pressure ratio p 2/p1 for different 
lifts (0.6, 1.0, 1.5, 2.0, 2.5 and 
· 3.0 mm) of a multi-ring plate valve 
From this diagram one- can see that in a wide range 
of pressure ratios (up to about 0,8) the ~-curves 
can be approximated, with reasonable accuracy, by 
horizontal lines. This means that ~ depends there 
only on the valve lift as it is desired for the 
transformation. 
Proceeding from the "horizontal lines" in Fig. 7 
the variation of ~ with s is found. A plot of ~(s) 
· for this valve is sketched in [8]. 
Using A. and ~(s) in the equations (4.2) to (4.6) 
the effective mass flow rate ill can be approximated 
by this transformation quite well within that range 
of pressure ratios in which compressibility effects 
are predominant. 
For greater pressure ratios, approximately for 
0,8 ~ p 2/p1 ~ 1,0, the transformation fails. 
The influence of viscosity effects on ~ is dis-
cussed by L. BOSWIRTH [8] elsewhere in these pro-
ceedings. In [8], based on experimental data, an 
attempt is made to estimate how ~ depends on a 
typical Reynolds-number characterizing the boundary 
layer in the entrance channel of the seat plate. 
In spite of the considerations mentioned above, ex-
tensive and special investigations are still neces-
sary in order to get more knowledge about the in-
fluence of viscosity on the discharge efficiency 
of a valve. 
4.2 Reed valve 
Several investigations of reed valves, suction and 
delivery valves, were performed with the described 
test equipment as well. All these experiments were 
carried out with a variable valve lift during a 
test run. 
As the valve lift was not an adjustable parameter, 
the results obtained did not give much information 
about the influence of lift on the discharge effi-
ciency of the tested reed valve. 
Similar to the multi-ring plate valve the tests 
with the reed valves also showed that choked flow 
occurs at small pressure ratios. 
A series of comparative measurements with a reed 
valve was performed with the aim of determining, 
in how far different main parts of the valve in-
fluence the overall discharge coefficient. In order 
to separate the different effects such a series 
consisted for example of distinct tests with the 
seat plate only, with seat plate and reed, with 
seat pl~te, reed and cylinder head. The results 
give a good insight in the flow behaviour of the 
different components. In addition they enable one 
to estimate where fluid mechanical improvements can 
be made. 
5. CONCLUDING REMARKS 
The presented test equipment proved to be very use-
ful for investigations of compressor valves with 
the aim of determining discharge coefficients and 
pressure losses as well as to examine the flow be-
haviour over a wide range of pressure ratios. 
The obtained results show that in compressor valves 
choked flow can be established at pressure ratios 
being smaller than a critical value. This critical 
pressure ratio depends on the design and on the 
valve lift. 
But in order to understand the discharge behaviour 
of a valve in more detail, for example to get more 
knowledge about the influence of viscosity on dis-
charge efficiency, extensive investigations and re-
search are necessary. 
As the described experimental set-up permits low-
cost testing it is suitable for commercial in-
vestigations and for special research work. 
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